This paper analyses the climate projections over the Koshi river basin obtained by applying the delta method to eight CMIP5 GCMs for the RCP4.5 and RCP8.5 scenarios. The GCMs were selected to cover the full envelope of possible future ranges from dry and cold to wet and warm projections. The selected coarse resolution GCM outputs were statistically downscaled to the resolution of the historical climate datasets. The scenarios were developed based on the anomaly between the present reference period ) and the future period (2021-2050) to generate transient climate change scenarios for the eight GCMs. The analyses were carried out for the whole basin and three physiographic zones: the trans-Himalaya, high-Himalaya and middle mountains, and southern plains. Future projections show a 14% increase in rainfall during the summer monsoon season by 2050. The increase in rainfall is higher over the mountains than the plains. The meagre amount of rainfall in the winter season is projected to further decrease over both the mountain and southern plains areas of the basin for both RCPs. The basin is likely to experience warming throughout the year, although the increase in winter is likely to be higher. The highest increase in temperature is projected to be over the high Himalayan and middle mountain area, with lower increases over the trans-Himalayan and southern plains areas.
Introduction
Mountain regions are particularly sensitive to climate change and variability [1] . The Himalayan mountains are million tonnes per year [16] - [18] . In the context of climate change, these hazards may increase in magnitude and frequency [3] [19] . The potential for natural hazards impacts on the potential for investment, and poses considerable problems for the livelihoods and wellbeing of the people in the region, with poor people the most vulnerable and hardest hit. At the same time, an increasing population, urbanization, and encroachment are adding to the pressure on the basin's freshwater and other ecosystems.
It is important to understand the future water availability in the basin in the context of global climate change. However, before water availability can be estimated, it is first necessary to analyze the future climate scenarios. The present study aimed to understand the spatial and temporal dimensions of precipitation and temperature change in the Koshi river basin, as these are the most important inputs to the hydrological models. Historic and future climate projection data were used as a basis for analyzing changes in the pattern of precipitation and temperature. In order to analyze the different changes that are likely to occur in different parts of the basin, it was divided into three physiographic zones: the trans-Himalayan area to the north (mainly the Tibetan plateau area in China); the high Himalayan and middle mountains area in the center (mostly in Nepal, hereafter referred to as the "middle mountains"), and the low lying plains area to the south (in Nepal and India).
Data and Methodology

Selection of GCMs
There is a great variability in the projections of precipitation and temperature made by different Global Circulation Models (GCMs). Each GCM has different strengths and weaknesses; some perform better over tropical regions and others over polar regions. It is important to select the model which performs best for the region of interest. There are two main methods for selecting the most appropriate GCMs. The first aims to cover the full envelope of possible future situations ranging from dry and cold projections to wet and warm projections, while the second selects GCMs on the basis of indicators of past performance. The approaches have different pros and cons, but in the HKH the first approach is preferable as climate models have considerable difficulty in simulating past climate [20] . Generally, the first approach is preferred for statistical downscaling, whereas the past performance approach is preferred for dynamic downscaling.
The Intergovernmental Panel for Climate Change (IPCC) has published projections of future climate change scenarios in a series of reports. There was a fundamental change between the fourth and fifth assessment reports (AR4 and AR5) [4] [21] [22] and in order to reflect such differences as well as model variability, the study looked at two future scenarios. The first scenario considers what the future climate will be under conditions with a representative concentration path (RCP) that assumes that radiative forcing will stabilize at 8.5 W/m 2 in 2100 (RCP8.5); the second less extreme scenario assumes that radiative forcing will stabilize at 4.5 W/m 2 in 2100 (RCP4.5).
The model selection was carried out as part of a previous study over a larger spatial domain [11] . The GCMs were tested using AR5 data downloaded from the CMIP5 model archive (http://cmip-pcmdi.llnl.gov/cmip5/data_portal.html). In total, 43 GCMs were tested for RCP4.5 and 41 for RCP8.5. For each model run, the normal annual difference (delta) (2021-2050 relative to reference period 1961-1990) was determined for precipitation (%) and temperature (K). Based on these projected differences, four combinations (dry and cold; dry and warm; wet and cold; wet and warm) were derived for each RCP based on the 10th and 90th percentile values of the projected changes. Finally, the model runs that were closest to the percentile values were selected for downscaling as shown in Figure 2 (red crosses). The percentile values were used to avoid outlier GCMs, which are likely to be unreliable (Figure 2) . Eight GCMs were selected, four for RCP4.5 and four for RCP8.5, as shown in Table 1 .
Calculation of Monthly Delta Values
The coarse resolution eight selected GCM anomalies were downscaled to a finer resolution of 0.25˚ × 0.25˚ latitude and longitude by interpolating with a first order bilinear spline technique with tension 10 and 4 neighborhoods [11] . The delta values reflect the changes in temperature and precipitation over 60 years. The delta approach is widely used [23] - [25] and is an efficient way to assess climatic changes with multiple GCM outputs. This approach was necessary due to the large scale discrepancy between the climate models and the hydrological models which operate at a much higher resolution. The major focus in this study was on the uncertainty stemming from climate simulations, so as many GCM outputs as possible were retained, while a simple approach was used for downscaling. The grid cells of the climate model outputs were clipped over the study area to calculate annual climate change signals, which were subsequently superimposed on a local reference period time series of observed data as described in Sections 4.1 and 4.2. Since negative projections can occur with the anomalies, the proportional anomaly was calculated for rainfall. The delta approach removes large parts of the model bias, which cancels out in the climate change signals. Based on these, the annual change can be calculated (assuming linear change) and used directly to generate transient time series to force the models. The limitation of the approach is that the inter-annual variability and annual cycle are neglected, since these climate characteristics are inherited from the observations. There are other statistical techniques available, such as quantile mapping, that can be used to address the issue [26] , but they require analysis of daily GCM outputs, which was beyond the scope of this study, and additional corrections are required to account for changes in wet day frequencies.
Observational Data
APHRODITE's Water Resources data (Asian Precipitation-Highly-Resolved Observational Daily Integration
Towards Evaluation of Water Resources, www.chikyu.ac.jp/precip/) were taken as the reference period data for rainfall [27] and temperature [28] . These high-resolution daily gridded precipitation datasets are the only longterm product currently available on a continental scale. The gridded datasets are based on rain-gauge observations collected from a large number of stations and have substantially improved the depiction of the areal distribution and variability of rainfall over the Himalayas. APHRODITE rainfall (version V1101) high resolution gridded datasets at a resolution of 0.25˚ latitude and 0.50˚ longitude are available for the period 1951 to 2007 for the monsoon Asia domain (60˚ -150˚E, 15˚ -55˚N); and temperature (version V1101R2) gridded datasets for the period 1961-2007 for the same domain. In the present analysis, the reference period was taken from 1961 to 1990.
Results
The Koshi basin is heavily influenced by the monsoon; about 80% of annual total rainfall falls in the monsoon season (June to September).Although the winter rainfall (December, January, February) is quite meagre, it is very important for the winter crops. Therefore a seasonal analysis was carried out for rainfall and temperature distribution in the monsoon and winter seasons. Figure 3 shows the spatial distribution of rainfall in summer and winter for the reference period derived from the APHRODITE data. The maximum rainfall falls in the middle mountain areas of the basin. The peak rainfall areas in the monsoon season (Figure 3(a) ) lie in the western parts of the southern slopes of the Himalayan belt.
Precipitation
There is a sharp rainfall gradient to the north towards the trans-Himalaya, but some rain-bearing clouds do reach this area and provide some rain. The much smaller amount of precipitation in the winter season shows a similar pattern of distribution (Figure 3(b) ). Table 2 shows the seasonal rainfall statistics for the whole basin and the different physiographic zones. About 80% of the precipitation occurs during the monsoon season with an annual average for the basin of 1025 mm. There are marked differences in the precipitation pattern between the regions. The highest rainfall is in the middle mountains area, with about 1530 mm received from approximately 190 days. The trans-Himalayan area is relatively dry with only 421 mm (standard deviation 59 mm) from 113 days. Figure 4 shows the seasonal distribution of average summer (June to September) and winter (December to February) temperatures for the reference period. The temperature shows a progressively decreasing trend from south to north which reflects the increasing elevation. Table 3 shows the seasonal statistics for average temperature for the whole basin and the different physiographic zones. In the plains areas, the pre monsoon and summer seasons have a similar temperature of around 33˚C, while in the trans Himalaya only the summer is warm. In winter, the average temperature ranges from −7.1˚C in the trans-Himalaya to 13.8˚C in the plains. The summer season has the lowest standard deviation, and winter the highest. Figure 5 shows the changes in rainfall projected by the different GCMs for the RCP4.5 scenario. GISS-E2-Rr4i1p1 (Figure 5(a) ) and IPSL-CMA5A-LR-r3i1p1 (Figure 5(c) ) projected an increase in rainfall by 5% -25% and 10% ->25%, respectively, for almost all the basin; CanESM2-r4i1p1 (Figure 5(d) ) projected a decrease in rainfall by up to 10% over some areas in the middle mountains and southern plains; and IPSL-CMA5A-LR-r4i1p1 (Figure 5(b) ) projected a decrease in rainfall up to 25% over most parts of the middle mountains and transHimalaya and 10% over parts of the southern plains, together with an increase in the border area between the middle mountains and trans-Himalaya. The ensemble average projection (Figure 5(e) ) shows an overall increase in precipitation with a very small area of decreased precipitation in the middle mountains. shows the changes in rainfall projected by the different GCMs for the RCP8.5 scenario. GFDL-ESM2G-r1i1p1 (Figure 6(a) ) projected a decrease in rainfall by up to 25% over small patch areas in the east and west areas of the middle mountains and by up to 10% over the eastern part of the southern plains. The other three GCMs (IPSL-CM5A-LR-r4i1p1 (Figure 6(b) ), CSIRO-Mk3-6-0-r3i1p1 (Figure 6(c) ), and CanESM2-r4i1p1 (Figure 6(d)) ) projected an increase in rainfall over almost all the basin. The ensemble average projection (Figure 6(e) ) shows an increase in rainfall from 5% -25% over most of the area and more than 25% in the border area between the middle mountains and trans-Himalaya. Figure 7 shows the ensemble average projections for RCP4.5 and RCP8.5 for winter. The projections show an increase in rainfall over the trans-Himalaya and decrease over the middle mountains and southern plains for both scenarios. The total rainfall during this season is very low and small increment could reflect in a larger percentage changes. Figure 8 shows average monthly rainfall for the reference period, and the ensemble average projections under the RCP4.5 and RCP8.5 scenarios, for the different physiographic zones and the basin overall. The RCP8.5 projections for the whole basin were slightly higher than those under RCP4.5 in May, July, August, and September, and slightly lower in June and October. Overall under both scenarios the wet months (July, August, and September) are getting wetter, particularly in the middle mountains and the southern plains. Figure 9 shows the ensemble future projection of rainfall compared to the reference period for the different physiographic zones and the whole basin in summer and winter for the two scenarios. Rainfall is projected to increase in summer for all three physiographic zones, whereas in winter rainfall is projected to increase over the trans Himalaya and decrease in the middle mountains. An average increase in annual precipitation of 14% for the whole basin is projected by RCP4.5 and 17% by RCP8.5, indicating a slight increase in overall future water availability. The highest percentage change is projected over the trans-Himalayan area, 18% for RCP4.5 and 24% for RCP8.5. Figure 10 and Figure 11 show the change in average temperature in summer projected by the different GCMs for the projection period 2021-2050 compared to the reference period under RCP4.5 and RCP8.5. All areas show warming under both scenarios under all GCMs but there are differences in magnitude. Under RCP4.5, warming is highest over the middle mountains, with increases of 2˚C -5˚C. All GCMs show lower warming over the southern plains, with the least warming (0˚C -1˚C) shown by GISS-E2-R-r4i1p1 (Figure 10(a)) ; and the most (1˚C -3˚C) by CanESM2-r4i1p1 (Figure 10(d) ). The temperature increase over the trans-Himalayan area was generally between 1˚C and 3˚C, higher than for the southern plains but lower than for the high Himalaya and middle mountains. IPSL-CMA5A-LR-r3i1p1 (Figure 10(b) ) showed the greatest increases, with projections of more than 3˚C -4˚C increase over a few areas in the extreme north and along the border with the middle mountains. The ensemble average shows a warming of 1˚C -2˚C over the southern plains, 2˚C -5˚C over the middle mountains, and 1˚C -3˚C over the trans-Himalaya (Figure 10(e) ).
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The pattern of warming under the RCP8.5 scenario is similar. Warming is highest over the middle mountains with the greatest increase (2˚C -6˚C) shown by CanESM2-r4i1p1-a warm bias GCM (Figure 11(d) ), and the least (1˚C -4˚C) by CSIRO-Mk3-6-0-r3i1p1-a cold bias GCM (Figure 11(b) ). The ensemble average shows the same range of warming as under RCP4.5 with significantly higher warming over the mountains than the plains: 1˚C -2˚C over the southern plains, 2˚C -5˚C over the middle mountains, and 1˚C -3˚C over the transHimalaya. Figure 12 shows the changes in average temperature in winter (December-February) projected by the different GCMs for the projection period 2021-2050 compared to the reference period under RCP4.5. As in summer, warming is least over the southern plains (1˚C -2˚C), intermediate over the trans-Himalaya (mostly 1˚C -4˚C), and highest over the middle mountains (mostly 2˚C -5˚C, with a small area in the northwest exceeding 5˚C). Figure 13 shows the changes in average temperature in winter (December-February) projected by the different GCMs for the projection period 2021-2050 compared to the reference period under RCP8.5. Again warming is least over the southern plains (1˚C -3˚C), intermediate over the trans-Himalaya (mostly 1˚C -4˚C), and highest over the middle mountains (mostly 2˚C -5˚C), but although the ranges are similar, overall all models show slightly higher warming than under RCP4.5 with a larger area covered by the higher temperatures in the range. Figure 14 shows the average monthly temperature for the reference period and the ensemble average projections under the RCP4.5 and RCP8.5 scenarios for the different physiographic zones and the basin overall. The projected temperatures under RCP8.5 are either equal to or slightly higher than those under RCP4.5 except in July in the middle mountains, September in the southern plains, and September for the whole basin, when the RCP4.5 projection is fractionally higher (0.1˚C) than for RCP8.5. Figure 15 shows the ensemble average projected changes in temperature compared to the reference period for the different physiographic zones and the whole basin in summer and winter for the RCP4.5 and RCP8.5 scenarios. Overall warming was higher in winter with an average increase of 2.4˚C under RCP4.5 or 2.6˚C under RCP8.5 projected over the entire basin. Warming is highest over the middle mountains and trans-Himalaya, and lowest over the southern plains. 
Conclusions
The GCM climate projections for the Koshi river basin for RCP4.5 and RCP 8.5 indicated some marked changes in precipitation and temperature with variations in the different physiographic zones. The outputs for RCP4.5 suggest an increase in summer rainfall, with slight differences between the models. The increase ranges from 5% to 25%, with higher values in the high mountain ranges. The projections for RCP 8.5 suggest a greater increase in the northern areas, and some decrease in the southern plains. The projections for winter suggest a slight increase in rainfall in the north and a decrease in the south. There is some indication that overall the monsoon season could get wetter and winter drier.
The study suggests that the basin is likely to experience overall warming by the middle of the century. The greatest warming is expected over the high altitude regions, while the plain areas are projected to have low or no warming. The projections under RCP4.5 suggest greater warming during winter. Warming under RCP 8.5 is no greater than under RCP4.5, but the area with higher warming is larger.
The changes suggest that there may be an increased supply of water overall due to increased rainfall and increased snow and glacier melt, but with a reduced supply in winter. The approach used in this study cannot identify short-term variations or changes in extremes, but the increased rainfall during summer could indicate the possibility of more, and more intense, floods. This issue needs to be investigated as flood and droughts are important drivers and have a marked impact on people's livelihoods in the basin and beyond.
